We have investigated comprehensively the effects of thyroid function on gallstone formation in a mouse model. Gonadectomized gallstone-susceptible male C57BL/6 mice were randomly distributed into three groups each of which received an intervention to induce hyperthyroidism, hypothyroidism, or euthyroidism. After 5 weeks of feeding a lithogenic diet of 15% (w/w) butter fat, 1% (w/w) cholesterol, and 0.5% (w/w) cholic acid, mice were killed for further experiments. The incidence of cholesterol monohydrate crystal formation was 100% in mice with hyperthyroidism, 83% in hypothyroidism, and 33% in euthyroidism, the differences being statistically significant. Among the hepatic lithogenic genes, Trβ was found to be up-regulated and Rxr down-regulated in the mice with hypothyroidism. In contrast, Lxrα, Rxr, and Cyp7α1 were up-regulated and Fxr down-regulated in the mice with hyperthyroidism. In conclusion, thyroid dysfunction, either hyperthyroidism or hypothyroidism, promotes the formation of cholesterol gallstones in C57BL/6 mice. Gene expression differences suggest that thyroid hormone disturbance leads to gallstone formation in different ways. Hyperthyroidism induces cholesterol gallstone formation by regulating expression of the hepatic nuclear receptor genes such as Lxrα and Rxr, which are significant in cholesterol metabolism pathways. However, hypothyroidism induces cholesterol gallstone formation by promoting cholesterol biosynthesis.
Introduction
Gallstone disease is one of the most common gastrointestinal diseases requiring hospitalization in the West (Portincasa et al., 2006) . The estimated prevalence of gallstones is 10%-15% in the general population (Diehl, 1991) . Cholesterol gallstones, whose content is >50% cholesterol, are responsible for 90% of all gallstones in Western countries (Attili et al., 1995; and about 77% in China (Wang et al., 2007) .
The major events leading to the disease include supersaturation of bile with cholesterol, rapid precipitation of cholesterol crystals in the gallbladder, increased bile salt hydrophobicity, and inflammation of the gallbladder (Moschetta et al., 2004) . Of these events, precipitation of cholesterol crystals from supersaturated bile is thought to be a prerequisite for gallstone formation: cholesterol crystals in bile are found in 70% of patients with "idiopathic" acute pancreatitis (Admirand and Small, 1968; Ros et al., 1991) . In mice, cholesterol gallstones can be induced by feeding them a lithogenic diet containing cholesterol and cholic acid: the susceptible C57L strain is always used to establish gallstone animal models (Tepperman et al., 1964; van Erpecum et al., 2001) .
The link between thyroid disease and lipid disorders has been known for a long time (Duntas, 2002) . The composition and transport of lipoproteins can be seriously affected in thyroid disease. Hypothyroidism is associated with hypercholesterolemia causing increased concentrations of total and low-density lipoprotein (LDL) cholesterols. Hyperthyroidism is associated with lower total, LDL, and high-density lipoprotein (HDL) cholesterol levels and promotion of the reverse cholesterol transport (RCT) pathway (Pedrelli et al., 2010) . Previous studies have shown a possible association between hypothyroidism and cholesterol gallstone disease (CGD) in human beings because of decreased fractional clearance of LDL by a reduced number of LDL receptors in the liver, low bile flow, and sphincter of Oddi dysfunction (Inkinen et al., 2001; Volzke et al., 2005; Cakir et al., 2009; Bonde et al., 2012) . Several hepatic lithogenic genes have been identified in mice that are associated with the formation of cholesterol gallstones including increased biliary cholesterol secretion and saturation (Portincasa et al., 2006; Galman et al., 2008) . However, it has not yet been determined whether hypothyroidism has an effect on the expression of these genes. Hypothyroidism may result in delayed emptying of the biliary tract due to the absence or weakness of the pro-relaxing effect of thyroxine on the sphincter of Oddi, which expresses thyroid hormone receptors β1 and β2. This causes subjects to be prone to gallstone formation (Inkinen et al., 2001; Laukkarinen et al., 2002; 2003) . Although several studies have found possible associations between hypothyroidism and CGD development, the underlying mechanism is still unclear (Laukkarinen et al., 2003; Cakir et al., 2009; Bonde et al., 2012) . We conducted this study using animal models to further understand the relationship between thyroid dysfunction and CGD development. Unlike previous studies, we focus not only on the relationship between hypothyroidism and CGD, but also on hyperthyroidism and CGD. To our knowledge, no previous study has focused on the potential effect of hyperthyroidism on gallstone formation in vivo.
Materials and methods

Animals
Gallstone-susceptible C57BL/6 mice, male, aged 6 weeks, were purchased from the Jackson Laboratory (Nashville, USA). The research was conducted in conformity with the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals. All animal handling protocols were approved by the Animal Research Ethics Committees of the Second Affiliated Hospital, School of Medicine, Zhejiang University (Hangzhou, China). All efforts were made to minimize the number of animals and their suffering.
Gonadectomy
Animals were surgically orchidectomized through gonadectomy to avoid potential interference by testosterone-involved in hormone interaction. Following anesthesia, gonadectomy was performed by a small cranial pubic incision and removal of both testicles (Gililland and Finn, 2007) . Then, muscle and fascia were closed using surgical silk, and the overlying skin was sutured. All animals recovered soon after surgery.
Establishing mouse models for hypothyroidism, hyperthyroidism, and euthyroidism
Gonadectomized animals (6 weeks C57BL/6 mice) were randomized into three groups: hypothyroidism group (subtotal thyroidectomy+phosphate buffer saline (PBS) injection), hyperthyroidism group (sham surgery+triiodothyronine (T3; 3,3',5-triiodo-L-thyronine sodium salt, Sigma, Santa Cruz, CA, USA) injection), and euthyroidism group (sham surgery+PBS injection). Hypothyroidism was induced by subtotal thyroidectomy, and hyperthyroidism was induced by subcutaneous injection of sterile triiodothyronine.
Specifically, in the hypothyroidism group, mice underwent subtotal thyroidectomy plus PBS injection. The procedure for subtotal thyroidectomy was as follows: after anesthesia and depilation, animals were placed in the supine position with the neck elevated by rolled-up gauze. An anterior neck incision was made vertically. Parotid glands were separated laterally while gently grasping with non-traumatic forceps (Fig. 1a) . Strap muscles were retracted laterally and held by retractors. Thyroid glands were usually located between the cricoid cartilage and the first four tracheal rings. Bilateral lobes of the thyroid were gently excised leaving the transparent isthmus in situ. The surgical specimens were fixed in 10% (v/v) formalin and processed for histological analysis (Figs. 1b  and 1c ). After surgery, mice received subcutaneous injection of PBS at a dose of 2 µg/body per 3 d.
In the hyperthyroidism group, mice underwent the same preparation and dissection, but no thyroid tissue was resected. After this sham surgery, the mice received subcutaneous injection of T3 at a dose of 2 µg/body per 3 d.
In the euthyroidism group, mice underwent sham surgery plus subcutaneous PBS injection at the equivalent dose as mice in the hypothyroidism group.
Diets
After surgery, animals were housed in a temperature-controlled room (22-23 °C) with a 12-h light/12-h dark cycle and maintained on a low cholesterol (0.02% (w/w) ) chow diet until 8 weeks of age, followed by a lithogenic diet containing 15% (w/w) butter fat, 1% (w/w) cholesterol, 0.5% (w/w) cholic (T3), thyroxine (T4), and thyroid-stimulating hormone (TSH) levels of mice in the hyperthyroidism or hypothyroidism groups with those of mice in the euthyroidism group. All data were expressed as mean±SD (n=6 animals in each group).
** P<0.01 vs. euthyroidism group acid, 2% (w/w) corn oil, 50% (w/w) sucrose, 20% (w/w) casein and essential minerals and vitamins. This diet has been shown previously to induce precipitation of cholesterol monohydrate crystals in susceptible strains of inbred mice (Khanuja et al., 1995; Wang et al., 1997) .
Examinations, measurements, and microscopic studies
The body weight of each animal was measured every 3 d whilst they were on the lithogenic diet. At the end of each week until the tenth week of the diet, animals were killed after fasting for 12 h, cholecystectomies were performed (six mice from each group at each time point) and gallbladder bile was collected through a small hole made at the fundus of the gallbladder with an 18-gauge needle. The bile was observed immediately using polarizing light microscopy for the presence of mucin strands, liquid and solid crystals, and sandy and true gallstones. Mucin was observed as non-birefringent amorphous strands. Arc-like, helical, tubular crystals, plate-like cholesterol monohydrate (ChM) crystals as well as small, aggregated, and fused liquid crystals were defined according to a previous study by Wang and Carey (1996) . Sandy stones, which were irregularly shaped, were easily disintegrable agglomerates of ChM crystals embedded in mucin gel. As visualized under the microscope, individual cholesterol monohydrate crystals projected clearly from the edges of sandy stones, macroscopically displaying a yellow color. True gallstones were hard, ball-like objects with smooth curved surfaces. Because of scattered and absorbed light, they were opaque and black in color when observed using polarizing light microscopy.
Blood was collected from mouse orbital sinus just prior to euthanization and serum was obtained from the whole blood sample after centrifugation at 3300g for 20 min at 4 °C. Bile was stored at −20 °C, and serum samples, livers, and gallbladders were stored at −80 °C until further analyses.
Serum cholesterol levels were determined using a mouse cholesterol kit. Serum T3, thyroxine (T4), and thyroid-stimulating hormone (TSH) levels were determined using mouse enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer's protocols.
RNA was extracted from frozen livers using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA).
Reverse transcriptions were carried out with the iScript cDNA synthesis kit (Bio-Rad, Berkeley, CA, USA), according to the manufacturer's instruction. Real-time polymerase chain reaction (RT-PCR) was performed with iQ™ SYBR Green Supermix (Bio-Rad, Berkeley, CA, USA) using the 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Eight crucial hepatic lithogenic genes (Trβ, Rxr, Lxrα, Rxr, Cyp7α1, Fxr, Abcg5, Abcg8) that have been reported to be associated with cholesterol gallstone susceptibility were studied to explore the genetic effects on gallstone formation in mice with different thyroid hormone levels.
Statistical analysis
All data were expressed as mean±standard deviation (SD) . Differences between groups were assessed for statistical significance using the Student's t-test. All statistical analyses were performed with the SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) and statistical significance was set at a two-tailed Pvalue of <0.05.
Results
Body weight
As expected for healthy rodents, mice in each group showed progressive weight gain from 21.0-23.5 g to 27.3-30.1 g over 5 weeks on the lithogenic diet (Fig. 2a) . The average body weight of mice in the hypothyroidism group ((28.7±1.1) g) was significantly higher than that in the euthyroidism group ((25.2±0.8) g), with a P-value of <0.01, but the small difference between the hyperthyroidism group ((25.9±2.7) g) and the euthyroidism group (Fig. 2d) did not reach statistical significance. The average adipose tissue volume of mice in the hypothyroidism group was significantly higher than that in the euthyroidism group, with a P-value of <0.05; however, there was no significant difference between the hyperthyroidism and euthyroidism groups (data not shown). During the 8th to 14th days of feeding the lithogenic diet, the weight growth-rate (average weight gain per day) of mice in the hypothyroidism group ((0.09±0.05) g/d) was significantly higher than that in the hyperthyroidism group ((−0.22±0.33) g/d), with a P-value of <0.05; however, there was no significant difference between the euthyroidism ((0.07±0.09) g/d) and hyperthyroidism groups (Fig. 2b) . During the 25th to 30th days, the weight growth-rate of mice in the euthyroidism group ((−0.06±0.13) g/d) was significantly lower than that in the hyperthyroidism ((0.25±0.31) g/d) and hypothyroidism ((0.22±0.11) g/d) groups, with P-values of <0.05 and <0.01, respectively (Fig. 2c) .
Serum cholesterol levels
The serum cholesterol level of mice in the hypothyroidism group ((5.57±0.20) mmol/L) was significantly higher than that in the euthyroidism group ((4.26±0.17) mmol/L); however, there was no significant difference between the hyperthyroidism ((4.03± 0.16) mmol/L) and euthyroidism groups (Fig. 2e) .
Serum thyroid hormones levels
Serum thyroid hormone (TH) levels were determined to confirm that mouse models for hyperthyroidism, hypothyroidism, and euthyroidism had been successfully established. The T3, T4, and TSH levels of mice in the euthyroidism group were (11.9±1.0) pmol/L, (189.1±26.9) ng/dl, and (343.7± 31.9) μIU/L, respectively. Compared with this group, the hyperthyroidism group showed significantly increased T3 ((52.3±1.1) pmol/L) and T4 ((276.3± 37.2) ng/dl) levels but significantly decreased TSH ((81.3±24.2) μIU/L), with each P-value of <0.01; whereas, the hypothyroidism group showed significantly decreased T3 ((6.9±0.7) pmol/L) and T4 ((64.2±13.7) ng/dl) but increased TSH ((561.3± 27.1) μIU/L), with each P-value of <0.01 (Fig. 1d) . Fig. 3 displays representative photomicrographs of mucin gel as well as examples of liquid crystals, solid cholesterol crystals, sandy stones, and true gallstones as observed in fresh gallbladder bile of gonadectomized C57BL/6 male mice by polarizing light microscopy. Mucin gel appeared as nonbirefringent amorphous strands (Fig. 3a) . Liquid crystals were denoted as aggregated (Fig. 3b) when non-birefringent with particles of 1-5 μm in size, and fused (Figs. 3c and 3d ) when they displayed characteristic focal conic textures and Maltese-cross birefringence. Non-birefringent tubular crystals were also detected (Fig. 3e) ; they often appeared to fracture at their ends producing plate-like ChM crystals with a notched corner (Fig. 3f) . Amorphous masses of ChM crystals were defined loosely as agglomerated sheets (Fig. 3g) . Disintegrable amorphous sandy stones were embedded in mucin gel (Fig. 3h) and exhibited individual ChM crystals projecting from their edges (Fig. 3i) . True gallstones exhibited typical round contours and black centers (Fig. 3j) .
Sequences of cholesterol gallstone formation
To illustrate the sequences of gallstone formation, we observed cholesterol crystallization and gallstone formation in mice from each group for 10 weeks whilst they were fed the lithogenic diet (Table 1) . At the end of the first week, a layer of mucin gel adherent to the gallbladder wall was observed in all six mice. At the end of the 2nd week, aggregated liquid crystals were detected (6/6). At the end of the 3rd week, typically fused liquid crystals with focal conic textures and Maltese-cross birefringence were found (4/6). At the end of the 4th week, fused liquid crystals with circular around texture were observed (6/6). At the end of the 5th week, tubular crystals were observed (4/6), while circular liquid crystals began to disappear (2/6). At the end of the 6th week, classic plate-like ChM crystals were present (6/6) and amorphous ChM crystals were observed (4/6). At the end of 8th week, amorphous sandy stones were detected as surrounded by mucin gel with individual cholesterol crystals projecting from the edges. At the end of 10th week, 100% of mice (6/6) formed true gallstones that exhibited rounded contours and black centers. 
Macroscopic and microscopic observations of gallbladders
As shown in Fig. 4 , gallbladder sizes were significantly larger in hyperthyroidism and hypothyroidism than in euthyroidism, after 35 d of a lithogenic diet. Gallbladder walls were thick and turbid in mice with hyperthyroidism and hypothyroidism, but thin and transparent in those with euthyroidism (Fig. 4a) . Classic plate-like ChM crystals were detected using polarizing light microscopy in 6/6 of mice with hyperthyroidism, 5/6 with hypothyroidism, and 2/6 with euthyroidism. True gallstones were detected in hyperthyroidism (2/6) (Fig. 4b) . Fig. 5 demonstrates the expression levels of the eight crucial hepatic lithogenic genes in mice with hyperthyroidism, hypothyroidism, and euthyroidism. Mice with hypothyroidism showed up-regulation of Trβ and down-regulation of Rxr compared with mice with euthyroidism. Mice with hyperthyroidism showed up-regulation of Lxrα, Rxr, and Cyp7α1 and downregulation of Fxr compared with those with euthyroidism. However, Abcg5 and Abcg8 were neither up-nor down-regulated in mice with hyperthyroidism or hypothyroidism. Table 1 Number of mice that developed cholesterol crystals/stones over 10 weeks when on the lithogenic diet
Hepatic lithogenic gene expression analysis
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Values are the number of mice out of 6 at each observation point. NMG, the number that developed non-birefringent mucin gel; NLC, non-birefringent liquid crystals; CLC1, conic liquid crystals; CLC2, circular liquid crystals; NTC, non-birefringent tubular crystals; RCC, representative ChM crystals; ACC, amorphous ChM crystals; ASS1, amorphous sandy stones; ASS2, agglomerated sandy stones; RGS, representative gallstones
Fig. 4 Macroscopic (a) and microscopic (b) observations of bile liquid crystallization and gallstone formation in hyperthyroidism, hypothyroidism, and euthyroidism mice
In hyperthyroidism, both characteristic cholesterol monohydrate crystals (arrows) and gallstones (arris) can be found (6/6, 100%). In hypothyroidism, only cholesterol monohydrate crystals can be detected (5/6, 83%). In most mice with euthyroidism, non-birefringent tubular crystals can be detected, but cholesterol monohydrate crystals can only be observed in 2/6 
Discussion
The present study examined the function of THs on gallstone formation in vivo using an animal model. Gonadectomized gallstone-susceptible C57BL/6 mice were used to induce hypothyroidism, hyperthyroidism, or euthyroidism through surgery and medication. Afterwards, they were fed a well-established lithogenic diet to induce cholesterol crystals and gallstones. After 35 d on this diet, 100% of mice with hyperthyroidism, 83% of mice with hypothyroidism, but only 33% of those with euthyroidism developed ChM crystals, suggesting that thyroid dysfunction, either hyperthyroidism or hypothyroidism, promotes the formation of cholesterol gallstones in C57BL/6 mice. To the best of our knowledge, this is the first in vivo study demonstrating the contribution of hyperthyroidism to gallstone formation, and the first to use mouse models for hyperthyroidism, hypothyroidism, and euthyroidism to understand comprehensively the role of thyroid hormones in the development of CGD. Hyperthyroidism had been found to be associated with lower total, LDL, and HDL cholesterol levels, and to promote the RCT pathway, thus protecting bodies from cholelithiasis. However, the present study shows that hyperthyroidism promotes the formation of cholesterol gallstones in vivo. This finding is supported by a case report of gallstones disappearing during treatment for toxic goiter with carbimazole and thyroxine (Vassilakis and Nicolopoulos, 1981) . We can deduce that hyperthyroidism has some association with gallstone formation, and when it is corrected, gallstones disappear. Hypothyroidism has been shown to promote gallstone formation, which is consistent with previous studies (Cakir et al., 2009; Bonde et al., 2012) .
We further investigated the underlying mechanism of thyroid dysfunction in contributing to cholesterol gallstone formation. Although both hyperthyroidism and hypothyroidism promote cholesterol gallstone formation, they work in totally different ways. Hyperthyroidism induces cholesterol gallstones through over-expression of hepatic nuclear receptor genes Lxrα, Rxr, etc., which are major components in the cholesterol metabolism pathway. However, hypothyroidism induces cholesterol gallstones by promoting cholesterol biosynthesis.
As with most common diseases, CGD is believed to be multifactorially influenced by both genetic and environmental factors (Portincasa et al., 2006) . The disturbance of bile cholesterol homeostasis is essential for cholesterol formation (Portincasa and Wang, 2012) . Cholesterol supersaturation occurs when either too much cholesterol or not enough solubilizing bile salt and phosphatidylcholine molecules are secreted to allow complete micellar solubilization of all cholesterol (Venneman and van Erpecum, 2010) . Hepatic secretion of biliary lipids is determined mainly by an elaborate network of adenosine triphosphate-binding cassette (ABC) transporters in the hepatocytic apical (canalicular) membrane that regulates biliary secretion and the relative concentration of bile salts, phosphatidylcholine, and cholesterol (Repa et al., 2002; Paulusma et al., 2009; Morita et al., 2013) . Various receptors, including intrahepatocytic nuclear farnesoid X receptor (FXR), retinoid X receptor (RXR), and liver X receptor (LXR), have been found to regulate these ABC transporters. Nuclear receptor LXRα plays a crucial role in inducing expression of the hepatic canalicular membrane proteins for cholesterol transport (Hashimoto and Mori, 2011) . FXR induces hepatic canalicular membrane proteins for bile salt and phosphatidylcholine transport (Moschetta et al., 2004) . The LXR effect is mediated through a unique heterodimeric interaction with RXR (Germain et al., 2006) .
In mice, Hashimoto et al. (2006; demonstrated that THs and thyroid receptor isoform β (TRβ) up-regulate Lxrα through negative regulation of the sterol regulatory element-binding protein-1c gene (Srebp-1c) transcription. Another study also found that THs mediate the ABCG5/G8 complex to stimulate the secretion of cholesterol into bile (Bonde et al., 2012) . Therefore, THs and TRβ must play a part in bile cholesterol homeostasis. In the present study, hyperthyroidism promotes CGD. Meanwhile, the hepatic gene expression of Lxrα and Rxr were up-regulated and the expression of Fxr downregulated in mice with hyperthyroidism. THs may have stimulated gallstone formation in hyperthyroidism, by up-regulating Lxrα and Rxr and downregulating Fxr, resulting in stimulation of canalicular membrane transporters which induce cholesterol transport but inhibit bile salt and phosphatidylcholine transport. The up-regulation of LXR/RXR and downregulation of FXR/RXR mediate over-expression of the cholesterol 7α-hydroylase gene (Cyp7α1). As illustrated schematically in Fig. 6 , phosphatidylcholinecholesterol-bile salt molecules have been formed through transport proteins (ABC-B11, ABC-B4, and Fig. 6 Schematic diagram of the mechanism of THs regulating gallstone formation in vivo FXR/RXR heterodimers which mediate phosphatidylcholine and bile salt transporters (ABC-B4 and ABC-B11) are down-regulated by THs. THs up-regulate LXR/RXR heterodimers thus affecting sterol efflux transporters (ABC-G5/G8). CYP7α1 (the limiting enzyme of bile acid synthesis pathway) is mediated indirectly by THs through up-regulation of LXR/RXR and down-regulation of FXR/RXR heterodimers. THs correspond to a decrease in the serum cholesterol level and down-regulation of hepatic LDLR (low-density lipoprotein receptors). Chol, cholesterol; PC, phosphatidylcholine; solid line, up-regulation; dashed line, down-regulation ABC-G5/G8) in the hepatocyte canalicular membrane. Although bile acid synthesis is increased because of increased Cyp7α1 expression, the increase of bile cholesterol supersaturation is detected because of the function of the ABCG5/G8 complex. Those two steps contribute to cholesterol crystallization and gallstone formation. As a consequence, serum cholesterol level is lower in the hyperthyroidism group, but THs play a role in stimulating gallstone formation.
Interestingly, THs deficiency also promotes gallstone formation in C57BL/6 mice. In hypothyroidism, expression of the hepatic Abcg8 gene was significantly up-regulated. However, no significant differences were found in the expression of Abcg5, Lxrα, Fxr, or Rxr between hypothyroidism and euthyroidism. The average body weight and adipose tissue volume of mice with hypothyroidism were significantly higher than those in mice with euthyroidism or hyperthyroidism after 35 d on the lithogenic diet (Fig. 2d) . In summary, mice with hypothyroidism tend to gain weight easily and overproduce cholesterol. As a result, THs deficiency promotes gallstone formation in gonadectomized male C57BL/6 mice. In conclusion, thyroid hormone levels are associated with the risk of cholesterol crystallization and gallstone formation in vivo.
Conclusions
The most important conclusion from our study is that, when treating patients with gallstones or microlithiasis, clinicians may be aware of the possibility of thyroid dysfunction, although the clinical significance of a link between hyperthyroidism and CGD warrants further study. In addition, large-scale studies should be expected to confirm the associations in human beings.
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